We report the electro-optical properties of an organic thin-film by varying the thickness of 1, 4, 5, 8, 9, 6), included therein as an interlayer. Devices with HAT(CN)6, which are 7 nm thin films used as interlayers, exhibited good current density-voltage characteristics due to an improved hole injection barrier resulting from carrier ladder effects and carrier transport phenomena. The device without an interlayer showed the worst driving voltage characteristics due to the hole injection barrier. At low driving voltages, a device using 7 nm HAT(CN)6 as an interlayer exhibited a current density about 9.9 times higher than that of a device using 20 nm HAT(CN)6, and showed a current density about 9600 times higher than that of a device without an interlayer. Due to the proper carrier balance, the device using 7 nm HAT(CN)6 as an interlayer achieved a maximum current efficiency of 10.8 cd/A, which was the highest among the devices studied. This shows that the electro-optical properties of devices using HAT(CN)6 as an interlayer are dominated by the holes.
Introduction
The display industry is constantly evolving. Among the various displays, OLED (Organic Light-Emitting Diode) displays in particular are growing rapidly. OLED displays have ultra-thin, lightweight and flexible characteristics. Because of the many advantages of OLEDs, they are used in various everyday objects such as mobile phones, televisions, and lighting. Although OLED has many advantages, there are challenges to deal with, such as driving voltage reduction and power consumption reduction. Approaches to solve these challenges include the selection of OLED materials and structural improvement. An OLED is a self-luminous device with a laminated structure obtained by forming a thin film between an anode and a cathode. The operational mechanism of an OLED device can be divided into the following three processes: a process in which carriers are injected into an organic material from electrodes in an OLED, a process in which holes and electrons are transported to a light-emitting layer in the organic material, and a process in which holes and electrons meet and recombine to form excitons and emit light in the light-emitting layer. An OLED with a laminated structure formed of thin films is composed of electrodes, a carrier injection layer, a carrier transport layer, and a light-emitting layer. The carrier injection layer allows carriers to be effectively injected from the anode, the carrier transport layer enables the injected carriers to be effectively transported to the light-emitting layer and, in the light-emitting layer, carriers from both electrodes meet to emit light.
Many studies have been conducted to improve OLED performance. The basis of the OLED was discovered by Pope et al. at New York University. They observed electroluminescence in a single crystal of anthracene and anthracene crystals doped with tetracene using a small-area silver electrode at 400 V. However, the study did not attract much attention due to its use of high voltage [1] . An OLED that was almost suitable for practical application and one that operates effectively has been reported by Tang et al. [2] . The device structure proposed by them was constructed by disposing thin films of low-molecular-weight organic materials, TPD (N,N -diphenyl-N,N -bis(3-methylphenyl)-1,1 -biphenyl-4,4 -diamine) as the charge transport layer and Alq3 (tris-(8-hydroxy quinoline) aluminum) as the light-emitting layer between the electrodes. The device emitted green light at a low driving voltage [2] . The OLED fabricated by them, which had a driving voltage less than 10 V, exhibited an effective performance. The device was composed of a two-layer film, and the thickness of the organic materials was less than 150 nm [2] . Tokito et al. fabricated an OLED with magnesium fluoride (MgF 2 ) doped with TPD as the hole transport layer. In the fabricated OLED, a luminance of 2600 cd/m 2 was observed at a voltage of 15 V [3] . A luminance efficiency of 0.3 lm/W was achieved at a current density of 100 mA/cm 2 [3] . The high efficiency indicates that the diamine-doped MgF 2 layer plays a large role in hole transport [3] . It was also found that the thermal stability of the OLED with diamine-doped MgF 2 as the hole transport layer was higher than that of conventional organic EL devices [3] . Van Slyke et al. investigated the electro-optical properties of an OLED obtained by inserting a charge injection layer between an electrode and a charge transport layer [4] . The device consisted of copper (II) phthalocyanine (CuPc) as the charge injection layer, N,N -Di(1-naphthyl)-N,N -diphenyl-(1,1 -biphenyl)-4,4 -diamine (α-NPD) as the charge transport layer, and Alq3 as the light-emitting layer, disposed between the ITO (indium-tin-oxide) anode and Mg:Ag cathode [4] . The device exhibited improved stability due to the hole-injection contact, stabilized using the CuPc hole injection layer [4] . This light-emitting device showed an operational half-lifetime of about 4000 h from an initial luminance of 510 cd/m 2 [4] . Park et al. conducted a study on a hybrid device obtained by combining liquid crystal (LC) molecules in liquid crystal displays (LCD) with a fluorinated self-assembled monolayer (FSAM) used as a hole injection layer in OLEDs [5] . Regardless of LC characteristics, the LC molecules were vertically aligned on the FSAM, with hydrophobic properties [5] . The LC cell using an FSAM showed a faster response time than those using a conventional polyimide (PI) layer [5] . The heterogeneous combination of an FSAM, a hole injection material of OLEDs, and LC molecules of LCDs is a promising field of research for the development of next-generation hybrid devices [5] . Several researchers have made efforts to optimize the devices and develop a new technology [6, 7] . We have conducted a study to improve the driving voltage and efficiency by using HAT(CN)6 as an interlayer between the anode and the hole transport layer.
Materials and Methods
The ITO substrate as the anode was manufactured by SFC Co., Ltd. (Chungcheongbuk-do, Korea) Pixels were formed on a glass substrate by photolithography and ITO (Indium Tin Oxide) patterning. Each pixel was 2 mm in width and length, and the ITO was 50 nm in thickness. The substrate was ultrasonically cleaned with deionized water for 20 min and then ultrasonically cleaned with isopropyl alcohol for 20 min. The substrate was then dried on a hot plate at 250 • C. α-NPD as a hole transport material and Alq3 as a light-emitting material were purchased from Tokyo Chemical Industry (Chuo-ku, Japan). Lithium fluoride (LiF) as an electron injection material and aluminum as the cathode were purchased from Kojundo Chemical Laboratory (Saitama, Japan). HAT(CN)6 was used as an interlayer between the anode and the hole transport material. HAT(CN)6 was deposited at a rate of 0.3 A/s. The DOV-1800 (DOV Co.j Ltd., Chungcheongbuk-do, Korea) from DOV was used to deposit the material. Luminance was evaluated using the SR-3R from Topcon and the source meter used was a Keithley 237. Transmittance was measured with the HP 8452A from Hewlett Packard (Palo Alto, CA, USA). Figure 1 shows spectral transmittance characteristics with HAT(CN)6 thickness variation. The devices consisted of ITO (Indium Tin Oxide)/Interlayer X [X = HAT(CN)6 (1, 7, 20 nm)] or without Interlayer. The devices showed a similar maximum transmittance of 91.5% in the wavelength range, including the visible light region. Given that the ITO thin film is as thin as 50 nm, and the HATCN film is thin as well, the transmittance of long wavelengths of 600 nm or greater is almost at the same level as that of bare glass. Also, the ITO substrate uses an optical-grade glass, and, therefore, at long wavelengths of 600 nm or greater, the transmittance of only the ITO substrate is as high as 90% to 91%. Therefore, the HAT(CN)6 showed a generally high transmittance in the visible light region. As the thickness of the HAT(CN)6 increased, the transmittance spectrum from the thicker layers presented a bathochromic shift.
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